Introduction
Tissue engineering presents a potential solution to the complex problem of temporomandibular joint (TMJ) disorders. Current approaches to treating TMJ disorders include pain medication and physical therapy, but surgical approaches are often necessary when the disorder becomes severe or the patient has extensive trauma. These treatment options, described in greater detail elsewhere, are not always universally accepted. 1, 2 Reconstruction of the joint requires the use of non-biologic materials, which can restore some function to the joint, but lack of integration of the materials with the soft tissues prevents perfect functional restoration. In some situations, the disc is removed, which may temporarily alleviate pain but will frequently result in degeneration of the joint after time. A possible long-term, non-immunogenic Design: These four cell types were assembled into scaffoldless tissue engineered constructs and cultured for 4 wks. The constructs were then tested for cell, collagen, and glycosaminoglycan (GAG) content with biochemical assays, and collagen types I and II with enzymelinked immunosorbent assays. Constructs were also tested under tension and compression to determine biomechanical properties.
Results: Both primary and passaged CC constructs had greater GAG/wet weight than AC constructs. Primary AC constructs had significantly less total collagen and contained no collagen type I. AC P3 constructs had the largest collagen I/collagen II ratio, which was also greater in passaged CC constructs relative to primary groups. Primary AC constructs were not mechanically testable, whereas passaged AC and CC constructs had significantly greater tensile properties than primary CC constructs.
Conclusions: Primary CCs are considerably better than primary ACs and have potential use in tissue engineering when larger quantities of collagen type II are desired. The poor performance of the ACs, in this study, which contradicts the results seen with previous studies using immature bovine ACs, may thus be attributed to the animals' maturity. However, CC P3 cells appear particularly well suited for tissue engineering fibrocartilage of the TMJ due to the high quantity of collagen and GAG, and tensile and compressive mechanical properties.
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solution for severe TMJ problems is the creation of autogenous, functional tissues. Regeneration of various tissue types within the joint may be necessary; however, this work focuses on the creation of cartilaginous tissues found in the joint: fibrocartilage of the disc and articular cartilage of the mandibular condyle and temporal bone.
Creating these tissues requires a solid understanding of the structural and functional characteristics of the tissues. The properties of the TMJ disc and articular cartilage are distinct from one another and other tissues, as reviewed elsewhere. 3, 4 Some key distinctions include the primary type of collagen present in the tissues and the mechanical function of the tissues. Whereas articular cartilage mainly supports compressive loading, the TMJ disc has an important additional tensile role. Articular cartilage contains nearly 100% collagen type II, whereas the TMJ disc is almost 100% collagen type I. However, other tissues fall between these, containing significant quantities of both collagens type I and type II, including the mandibular condylar cartilage 5, 6 and the knee meniscus. 7, 8 As with collagen content, mechanical properties follow a similar spectrum. The TMJ disc has a relatively low aggregate modulus -around 20 kPa for the porcine disc with indentation testing 9 -whereas articular cartilage has a modulus over 1 MPa. 10 In tension, the TMJ disc elastic modulus ranges between 1 and 100 MPa, depending on the species and direction tested, whereas articular cartilage has a modulus less than 20 MPa. 4 Both contain a substantial quantity of glycosaminoglycans (GAGs). These characteristics must be considered when evaluating potential replacements for the tissues. Previous attempts to tissue engineer the TMJ disc have frequently used TMJ disc cells. [11] [12] [13] [14] Despite numerous attempts, these cells have yet to approach the quantitative biochemical content or mechanical strength necessary to function in a tissue replacement. Additionally, these cells are difficult to obtain and very limited in quantity, which is not likely remedied through in vitro cell expansion and passaging. 15, 16 Recent work with costal chondrocytes (CCs), however, suggests their potential in TMJ disc tissue engineering both in functionality and clinical translatability. 17 CCs have been shown to produce substantial, relevant matrix-dramatically more than seen previously with TMJ disc cells. Collagen/wet weight at 3 wks after culture was approximately 1%, whereas GAG/wet weight was 3%. 17 These values are below the collagen seen in native tissues (20% collagen/wet weight for cartilage 18 and 30% collagen/wet weight for the TMJ disc 19 ) but near to those seen for GAG content in the native tissues (4-7% GAG/wet weight for cartilage 18 and 2% GAG/wet weight for the TMJ disc 20 ). Constructs made from these CCs were mechanically testable and manipulatable with surgical tools, which was not true of previous TMJ disc cell constructs. 17, 21, 22 The improvements in translatability include the surgeons' familiarity harvesting costal cartilage, limited complications of this surgery, and abundance of healthy tissue. 23, 24 Whereas tissue engineering of the TMJ disc is still in its infancy, articular cartilage regeneration has been explored considerably longer. The initial paradigm for tissue engineering used cells seeded on a scaffold, but previous work with articular chondrocytes (ACs) has shown the ability of these cells to form neotissue without a scaffold and with properties approaching those of native tissue. [25] [26] [27] The importance of the cell in this approach is apparent, and whereas functional tissue has been created with young, calf chondrocytes, the usefulness of this approach with adult ACs remains uncertain. Finding a functional, skeletally mature cell source would surge forward the clinical translatability of this approach. Skeletally mature CCs and young ACs have shown previous functional potential and do not require cells from the TMJ, suggesting their clinical usefulness to patients in need of TMJ surgery, whose TMJ cells may be phenotypically or functionally abnormal. However, the quantity of chondrocytes needed is quite substantial, and so there is considerable interest in expanding and passaging these cells. Previous work on both these cell types showed the dedifferentiation of the cells from a chondrocyte-like to a more fibroblast-like phenotype. 28, 29 Articular chondrocytes showed about 10 times more collagen I gene expression at passage 3 than at passage 1 and 7 times less collagen II expression. 30 Whereas this response is often considered an undesirable result of the cell passaging process, in the case of fibrocartilage tissue engineering, it may be beneficial. The shift from collagen type II to collagen type I and decrease in GAGs yields a fibrochondrocyte-like cell type. These chondrocytes, phenotypically altered by passaging, may function most effectively in a tissue engineered construct for the purposes of fibrocartilage replacement. This study examines ACs and CCs at both passage 0 (P0) and passage 3 (P3) in a scaffoldless tissue engineering approach. The hypotheses of this study are twofold: (1) CCs will produce constructs that are equal to or better than AC constructs in biological and biomechanical properties. (2) P3 constructs will have characteristics that are more amenable to fibrocartilage tissue engineering, whereas P0 constructs will be better suited for cartilage tissue engineering; specifically, P3 constructs will have greater collagen I than collagen II and vice versa for P0 constructs. P3 constructs will have greater tensile properties, whereas P0 constructs will have greater compressive properties.
2.
Materials and methods
Cell isolation
Tissue was obtained from three skeletally mature (approximately 1 year), Spanish, female goats from a local abattoir within 4 h postmortem. Costal cartilage was scraped from the non-floating ribs, and articular cartilage was taken from the distal femur. Both cartilages were minced and digested overnight in 0.2% type II collagenase (Worthington, Lakewood, NJ) in Dulbecco's modified Eagle medium (DMEM) (Gibco, Carlsbad, California) supplemented with 10% fetal bovine serum (FBS) (Gemini Bio-Products, Woodland, CA), 1% penicillin-streptomycin-amphotericin B (PSF), 1% non-essential amino acids (NEAA) (Life Technologies, Carlsbad, CA), and 25 mg/mL L-ascorbic acid (Sigma, St. Louis, MO). Some cells were expanded on tissue culture treated plastic, whereas the remaining primary cells were frozen in liquid nitrogen in DMEM with DMSO and an additional 10% FBS. Freezing of the primary chondrocytes allowed for simultaneous seeding of the groups for three-dimensional culture. Cells were passaged at 70-90% confluence with trypsin-EDTA (Gibco) until passage 3 with approximately 5 times expansion occurring at each passage.
Construct culture
Constructs were formed from passage 3 and primary ACs and CCs by a modified method, described previously. 25, 31 Two million cells were seeded into 5 mm diameter agarose molds. Passage 3 chondrocytes were judiciously chosen based on their behavior in previous work, which showed considerable dedifferentiation without complete loss of the original phenotype. 29, 30 After 2 wks, constructs were removed and transferred into agarose-coated tissue culture treated plates. Chondrogenic medium consisting of DMEM supplemented with 1% PSF, 1% NEAA, 1% insulin-transferrin-selenium + -premix (BD Biosciences, San Jose, CA), 0.1 mM dexamethasone, 40 mg/mL L-proline (EMD Chemicals, Gibbstown, NJ), 50 mg/mL ascorbate 2-phosphate (Sigma), and 100 mg/mL sodium pyruvate (Fisher) was changed everyday. Constructs were examined at 4 wks using the various assays described below.
Histology
Samples were frozen in HistoPrep TM Frozen Tissue Embedding Media (Fisher) and cut to 14 mm sections in a cryotome. Sections were fixed in formalin and stained with picrosirius red for collagen, safranin-O/fast green for GAGs and von Kossa stain for calcification using standard histological protocols. Immunohistochemistry (IHC) was also used to examine the localization of collagen types I and II, using methods described previously. 32 
Biochemistry
Six samples per group were used to determine the biochemical content. Samples were weighed and dried to determine wet and dry weights. Dry samples were then digested at 4 8C with constant mechanical agitation in 125 mg/mL papain (Sigma) for 7 days followed by 1 mg/mL elastase (Sigma) digestion for 2 days. Cell number was determined by quantifying DNA with a PicoGreen 1 dsDNA reagent (Molecular probes) and converting with a factor of 7.7 pg DNA/cell, as determined previously. 33 Collagen was quantified with a modified colorimetric hydroxyproline assay, described previously. 34 In brief, samples were hydrolyzed with NaOH. The reaction was then neutralized with HCl. Chloramine T and Ehrlich's reagents were added and incubated at 60 8C. Sulfated GAGs were measured with a dimethylmethlylene blue (DMMB) Blyscan kit, according to the manufacturer's protocol (Biocolor, Newtownabbey, Ireland). Enzyme-linked immunosorbent assays (ELISA) were also performed to quantify the amounts of collagen type I and type II. Type I collagen was quantified using an indirect ELISA, described previously. 28 Briefly, digested samples and standards were incubated overnight on high-affinity plates at 4 8C. A primary mouse antibody (Accurate Chemical) was added for 2 h, followed by a HRP-conjugated secondary antibody (Chemicon). Tetramethyl bizidine (Chemicon) was used for visualization. A Chondrex (Redmond, WA) collagen detection kit was used for collagen type II quantification, according to the manufacturer's protocol.
Mechanical testing
Six samples per group were tested for tensile and compressive properties. Tensile testing was performed on an Instron 5565 (Norwood, MA) with samples glued to a paper frame. This allowed for a defined gauge length and proper securing of the samples to the Instron. After cutting the paper, samples were loaded at 1% strain/sec until failure, as described previously. 35, 36 Ultimate tensile strength (UTS) and elastic modulus (E) were determined from the stress/strain curves.
Compressive properties were determined with creep indentation testing. 37 Samples were cut through the diameter to make a level testing surface and put in saline solution. A tare load of 0.00196 N was applied until equilibrium was reached (deformation less than 10 À6 mm/s) or 10 min elapsed. Afterwards, an instantaneous step load of 0.00686 N was added until equilibrium was again reached or 1 h passed. The creep load was then removed, and the sample equilibrated once again. These data were used to determine aggregate modulus, Poisson's ratio, and permeability.
Statistics
Data were analyzed with a one-way analysis of variance.
When an F-test indicated significance ( p < 0.05) a Tukey's post hoc test was performed to determine differences among the groups.
Results

Morphology and histology
Weight and diameter data for the constructs are shown in Table 1 , and gross morphology is illustrated in Fig. 1 . Wet weight was significantly greatest for CC P0 constructs ( p < 0.0001). AC P0 constructs had greater wet weights than AC P3 and CC P3 constructs. Both P0 groups had the greatest percent water, followed by CC P3 and then AC P3, which were statistically different ( p < 0.0001). AC P0 constructs had the Data are shown as mean AE standard deviation (n = 6). Groups separated by different superscript letters are considered significantly different ( p < 0.05). CC P0 constructs were significantly heavier in wet weight than any other group. AC P0 constructs had greater wet weights than both types of P3 constructs. Primary groups had the greatest percent water, and the CC P3 constructs also had more water than AC P3 constructs. All diameters were statistically different from one another with AC P0 being the greatest, followed by CC P0, CC P3, and AC P3. , and collagen type II IHC (u-x) illustrate the localization of the ECM. AC P0 had limited safranin-O staining throughout the construct, and AC P3 showed none. CC P0 and CC P3 had dense staining throughout the construct, although CC P3 did not stain the very outer edge of the construct. All constructs stained positively and uniformly for picrosirius red. AC P0 did not stain for collagen type I, whereas collagen type II staining was seen throughout the construct. AC P3 stained positively for collagen I, though only a little for collagen type II. CC constructs from both passages stained positive for collagen types I and II throughout the constructs. Scale bar = 0.1 mm.
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greatest diameter, around 5.5 mm ( p < 0.0001). The CC P0 constructs had diameters around 4.5 mm, which were significantly greater than either of the P3 groups. CC P3 constructs had significantly greater diameters than the AC P3 constructs, measuring about 3 and 2 mm, respectively. CC P0 constructs remained cylindrical in shape, whereas CC P3 and AC P3 formed more spherical shapes. AC P0 constructs were of a hydrated, gelatinous consistency, which did not hold a solid shape, but rather relaxed to the position seen in Fig. 1a , e. Histological micrographs are also shown in Fig. 1 . Safranin O staining (Fig. 1i-l) was positive for both CC groups but only lightly stained in the AC P0 group and not stained in the AC P3 group. The picrosirius red stain (Fig. 1m-p) was positive for all groups, but particularly intense on the outer few micrometers of the constructs. Collagen I (Fig. 1q-t) was positive for all groups except AC P0. Collagen II (Fig. 1u-x) was positive for all groups, although AC P3 stained only faintly.
Biochemistry
Cell numbers at 4 wks were all around 1.5 million (Fig. 2a) . The number of CC P0 was significantly greater than the other groups, and the AC P3 number was significantly greater than the CC P3 number ( p < 0.0001). The CC P3 group, however, had the greatest GAG per wet weight (Fig. 2b) ( p < 0.0001). CC P0 constructs also had significantly greater GAG per wet weight than either passage of AC constructs. Collagen per wet weight (Fig. 3c ) was significantly greater in CC P3, AC P3, and CC P0 than AC P3 constructs ( p < 0.0001). The collagen type I ELISA did not detect any collagen I in the AC P0 samples. In contrast, AC P3 constructs had 86 AE 5 times the collagen I relative to the collagen II content measured with the ELISAs. The type I to type II ratios for CC P3 and CC P0 were 0.87 AE 0.3 and 0.05 AE 0.009, respectively, suggesting the prevalence of collagen type II in the primary constructs.
Mechanical properties
As was explained in the morphology description of the AC P0 constructs, this group was not solid and unable to withstand mechanical loading; therefore, these constructs were not testable in either tension or compression. Tensile elastic modulus (Fig. 3a) and UTS (Fig. 3b) 
Discussion
This work examined the biochemical and mechanical properties of scaffoldless, tissue engineered constructs created from passaged and primary costal chondrocytes and articular chondrocytes. The constructs made from primary cells were generally larger, had less mechanical integrity, and contained less ECM per wet weight. The AC P0 constructs, in particular, had significantly less collagen, and were not mechanically testable in either tension or compression. While smaller and rounded in shape, the P3 groups had significantly greater Data are shown as mean W standard deviation. Groups separated by different letters are considered significantly different ( p < 0.05). Whereas some statistical differences are observed between the groups for the number of cells (a), the groups aggregate around 1.5 million cells. Dramatic differences were seen in the GAG per wet weight (WW) (b) with CC P3 and CC P0 being significantly more concentrated than either of the AC groups. CC P3 also had significantly more GAG per wet weight than CC P0. AC P0 was significantly lower than the other groups for collagen per wet weight (c).
tensile strength, and the CC P3 constructs had the most GAG/ wet weight. ELISA and IHC analyses demonstrated the lack of collagen type I in AC P0 constructs and limited quantity of collagen type II in AC P3 constructs. These results supported the hypotheses of this study. The first, that CCs would produce constructs equal to or better than AC constructs, was particularly apparent in the primary constructs. CC P0 constructs were better than AC P0 constructs for cell quantity, overall size, mechanical properties, collagen/ wet weight, and GAG/wet weight. CC P3 constructs also had significantly greater size and GAG/wet weight than AC P3 constructs, but only trended higher in aggregate modulus and collagen/wet weight. In regard to the second hypothesis, which suggested that P3 constructs would be more like fibrocartilage and the P0 constructs more like articular cartilage, there are both significant and trending results in support of this. AC P3 constructs had a significantly higher collagen type I/collagen type II ratio than AC P0 constructs. This ratio was also greater for CC P3 constructs compared to CC P0 constructs but not significantly different. Additionally, the P3 constructs had significantly greater tensile properties than the P0 constructs, but compressive properties were not significantly different.
The results seen for the primary costal chondrocytes were similar to those seen previously. 17 A previous study used similar methods, but samples were tested biochemically at 3 and 6 wks. The quantitative results of this 4-week study fell between the previous values for both hydroxyproline and DMMB assays. Tensile results were 3-5 times lower in this study than those seen previously at 6 wks, but the previous study used smaller agarose molds with the same number of cells to form the constructs, resulting in smaller constructs. This change in construct size may alter the organization of the ECM and therefore the mechanical properties. 38, 39 In addition, tensile properties of CC constructs have been seen to increase over time (data not shown).
In contrast, the primary articular chondrocyte constructs produced in this study are quite different from those created previously. Previous work showed substantially higher GAG, total collagen, and collagen type II content for the constructs. 25, 27, 40 Whereas the constructs produced here were gelatinous, difficult to handle, and not mechanically testable, previous constructs have produced aggregate moduli around 200 kPa, elastic modulus approaching 1.4 MPa, and UTS near 350 kPa. 27 These mechanical properties were seen on constructs created with 5.5 million cells, but even when previous work used 2 million cells (as was used here), an aggregate modulus of 74 kPa was obtained. 40 The primary change in this study from previous ones, which may account for these differences, is the source of the chondrocytes. Both studies obtained the ACs with similar methods from the distal femur, but previous work used ACs from 1-week-old male calves, whereas this study used cells from skeletally mature, female goats. The sex or species may account for the differences, but the more likely explanation is the age difference. There is considerable work that demonstrates age-related changes in ECM structure, which may relate to the changes in mechanical properties seen with these different-aged cells. [41] [42] [43] [44] [45] Previous work also showed decreases in collagen type II, aggrecan core protein, and Sox 9 gene expression of cultured, mature chondrocytes compared to immature chondrocytes. 46 This suggests that the immature cells have a greater productive capacity for the relevant ECM than mature chondrocytes. Despite the somewhat disappointing results for primary chondrocytes relative to previous results, the passaged ACs and CCs showed considerable improvements in their constructs' biochemical and mechanical properties. The decrease in size of the passaged constructs, in addition to the decrease in wet weight, may indicate that the passaged constructs are Fig. 3 -Mechanical data for all groups (n = 6). Data are shown as mean W standard deviation. Groups separated by different letters are considered significantly different ( p < 0.05). AC P0 groups were not testable in tension or compression. For the tensile properties, UTS and E, CC groups were significantly better than AC P3. No statistical differences were seen between the groups for aggregate modulus (c).
simply a contracted form of the primary constructs; however, the changes in mechanical properties suggest this is not the case. The increases in tensile strength and stiffness, which occurred for both types of chondrocytes, suggest that the passaged constructs contain more organized ECM than the primary constructs at 4 wks. Whereas both cell types have been shown to dedifferentiate with passage, this effect appears to have benefits, particularly for this current use of the cells. 29, 47 Passaged AC constructs, unlike their primary counterparts, were mechanically testable in both tension and compression and contained 11 times more total collagen/wet weight. AC P3 constructs also had almost 2.5 times more GAG/ wet weight than AC P0 constructs, although the differences were not significant. Passaged CC constructs had almost 3 times more GAG/wet weight, 16 times greater elastic modulus, and 7 times greater UTS than primary constructs. The aggregate modulus was not significantly different between the CC P3 and CC P0 constructs. These passaged constructs were dramatically improved from P0 constructs, but the characteristics of the tissues of interest for tissue engineering must be considered. As reviewed previously, articular cartilage contains primarily collagen type II, whereas the TMJ disc contains primarily collagen type I. 3 Additionally, articular cartilage is most important under compressive loading, whereas fibrocartilage is also important under tensile loading. In this study, only the AC P0 constructs did not contain any collagen type I, whereas the AC P3 cells produced the lowest amount of collagen II, particularly relative to the large quantity of collagen type I produced in this group. CC constructs, however, had measurable quantities of both types of collagen. CC P0 constructs had around 20 times more collagen II than collagen I, whereas CC P3 had less than 1.5 times the collagen II/collagen I ratio. These data, combined with the CC constructs' mechanical properties, suggest the potential usefulness of primary CCs for cartilage tissue engineering and passaged CCs for fibrocartilage tissue engineering.
Comparing the data to native tissue, the GAG content was similar to both articular cartilage and the TMJ disc, as was seen previously. 17 The GAG/wet weight was approximately 2% for CC P0 constructs and 5% for CC P3 constructs. This suggests the potential of either of these cell types to function for a variety of soft tissues in the TMJ. The collagen/wet weight was, again, lower than native tissue with the CC P0 group having 0.5% collagen/wet weight and the CC P3 constructs having 0.7% collagen/wet weight. Mechanical properties were also still many times lower than native. The most dramatic difference between these two groups, which relates their potential to function in either cartilage or fibrocartilage is the collagen II/collagen I ratios, as discussed previously. Improvements in collagen content and mechanical properties must be made before such a construct could be implanted, but these cells exhibit considerable potential for functionality. Whereas the passaged ACs were, for most metrics, statistically equivalent to passaged CC constructs, CC constructs had 8 times more GAG/wet weight. The CC constructs were also significantly larger in size. This makes the translation from bench top to bedside more feasible. Considering the accessibility of this cell source, limited surgical complications, and abundance of costal cartilage tissue, this cell source appears feasible for future use. Considerable aspects of this work should be explored in greater detail (i.e., passage number, expansion conditions, temporal changes in culture), but these data are promising. The affirmation of the hypotheses, combined with the significant results seen here, suggest that passaged CCs should be considered as a possible cell source for engineering TMJ fibrocartilage tissues.
